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We present the preliminary result of sin2 �W from � �N deep inelastic scattering
experiment, NuTeV, at Fermilab. This measurement of sin2 �W comes from mea-
suring the Paschos-Wolfenstein parameter R� = (��

NC
� ��

NC
)=(��

CC
� ��

CC
),

using separate beams of � and �, utilizing the SSQT. The resulting value of

sin2�
(on�shell)
W

is 0:2253 � 0:0019(stat) � 0:0010(syst). This value is equivalent

to the mass of the W boson, MW = 80:26 � 0:11GeV=c2. We also summarize the
direct measurements of MW from the Tevatron pp collider experiments, D� and
CDF. Combining these two direct measurements yieldsMW = 80:37�0:08GeV=c2 .

1 Introduction

Mass of the W boson (MW ) is a fundamental parameter in the electroweak
sector of the standard model (SM). The parameters, Fermi constant (GF ), the
�ne structure constant (�), mass of the Z boson (MZ), and electroweak radia-
tive correction Ær are expressed in terms ofMW . Among these parameters GF ,
�EM , and MZ are measured to very high precision. Thus the measurement of
MW can be used to constrain the mass of the standard model Higgs bosons,
MH , together with the measured top quark mass via radiative corrections. In
addition, since the radiative corrections takes modi�cation with an introduc-
tion of new particles, precision measurement of MW also provides constraint
to new physics.

In this paper, we present the preliminary result of sin2 �W measurement
and the resulting mass of the W boson from � �N DIS experiment, NuTeV 1,
at Fermilab. We also summarize the direct measurements of MW from the
Tevatron collider experiments, D� and CDF.

2 Measurement of sin2 �W in � �N DIS

In tree level calculations, the electroweak mixing angle, sin2 �W , appears in
neutral current interactions of neutrinos and the calculations have process de-
pendent radiative corrections. The measurement of sin2 �W in ��N scattering
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provides an indirect measure of MW via electroweak radiative corrections. In
addition, since the systematics are uncorrelated to the direct measurements of
MW and the measurement can be done very precisely, the impact of the ��N
measurement is similar to those from the direct measurements.

Moreover, the comparisons of MW with those from direct measurements,
Z0 line shape, and sin2�e�W provide sensitivity to new physics. Carrying out a
model independent interpretation of sin2 �W measured from ��N DIS probes
light quark couplings which is an extension of the standard model. The mea-
surement is also sensitive to new heavy particles, such as extra Z bosons which
a�ects neutral current couplings. In addition, comparisons of measured ratios
of the neutral (NC) to charged current (CC) cross sections to predictions with-
out neutrino oscillations provide probes to neutrino oscillations.

2.1 Previous Measurement of � �N DIS

Since the cross section of CC interactions of neutrinos is proportional to weak

isospins (I
(3)
Weak) while that for NC interactions is proportional to (I

(3)
Weak �

QEM sin2 �W ), the ratio of the CC to NC cross sections is proportional to
sin2 �W as expressed in the Llewellyn-Smith fomular 2:

R�(�) =
�
�(�)
NC

�
�(�)
CC

= �2

 
1

2
� sin2 �W +

5

9
sin4 �W

 
1 +

�
�(�)
CC

�
�(�)
CC

!!
: (1)

The most important element in this measurement is separating NC from
CC events. This separation is obtained statistically by using the event length
variable. The event length is de�ned for each event to be the number of
counters with energy deposition above 1/4 of that of a single muon. The
NC events have short length due to the absence of the muons in the event,
while CC events are long. Thus, the experimentally measured ratio Rmeas =
Nshort=Nlong, represents the NC to CC cross section ratio, R�(�). We vary
only the NC couplings in the detailed Monte Carlo (MC), until R�(�) from the
MC matches with Rmeas.

The cross section model in the MC incorporates a leading order (LO)
corrected Quark-Parton-Model (QPM), using LO parton distribution functions
from the CCFR structure function measurements. The second part of the
Monte Carlo simulates detailed detector and beam e�ects, such as \short"
CC events caused by low energy range-out muons or by the muons exiting
the detector �ducial volume, \long" NC events due to �=K decays and punch
through, electron neutrino (�e) CC events which appear short in the detector,
and other detector e�ects that a�ect the event length variable. The detailed
MC also includes corrections; 1) electromagnetic and electroweak radiative
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corrections, 2) target isovector e�ects (� 6% for iron target), 3) higher order
QCD e�ects due to longitudinal structure functions, RL

3, and 4) e�ect due to
heavy quark productions.

There are two major sources of systematic uncertainties in the CCFR
measurements4;5. The �rst is the theoretical uncertainty due to mass threshold
e�ect in the CC production of charm-quark from the scattering o� the sea
quarks. This e�ect is modeled by LO slow-rescaling. The parameters in the
slow rescaling model are measured by the CCFR experiment 6, using events
with two oppositely charged muons, where mc = 1:31� 0:24GeV=c2 and � =
0:37�0:05. The uncertainties in CC cross section calculations due to the above
two parameters result in Æsin2 �W= 0:0027.

The second source is the lack of precise knowledge on �e ux in the beam.
Approximately 80% of the total �e in the CCFR neutrino beam, which is a
mixture of � and �, come from K�e3 decays. The �e from this source is well
constrained by observed K��2 spectra. Remaining 16% of �e come from neutral
K decays, KLe3, whose production cross section is known only to 20%. These
two sources constitute 4.1% uncertainty to N�e , based on a Monte Carlo study.
A direct measurement, based on longitudinal shower development7, gives 3.5%
uncertainty. Combining these two uncertainties give 2.9% uncertainty in N�e

which results in Æsin2 �W= 0:0015. Combining all the errors, the �nal CCFR
result 5 is sin2 �W = 0:2236� 0:0041 which corresponds to on-shell mass of W
boson MW = 80:35� 0:21GeV=c2.

2.2 Improvements in NuTeV

Minimizing the two large systematic uncertainties requires 1) a technique in-
sensitive to the sea quark distributions and 2) to minimize the number of
electron neutrinos in the beam, especially resulting from KL. In order to min-
imize the uncertainty due to the charm quark production, the NuTeV uses the
Paschos-Wolfenstein parameter 8;

R� =
��NC � ��NC
��CC � ��CC

=
R� � rR�

1� r
= (g2L � g2R) = �

�
1

2
� sin2 �W

�
(2)

Since ��q = ��q and ��q = ��q , the e�ect of scattering o� the sea quarks
cancels by taking the di�erences in the neutrino and antineutrino cross sections.
However, the measurement of this quantity is complicated due to the fact that
the NC �nal states look identical for � and �. Thus, in order to use this
relationship, one needs to be able to distinguish neutrino NC interactions from
antineutrino interactions which can only be achieved by having prior knowledge
on the beam. To achieve this discrimination, the NuTeV modi�ed the beamline
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to use a Sign-Selected-Quadrupole-Train (SSQT) to select either � or � beam
at a given running period.

The uncertainty caused by the �e ux is minimized by adding a 7.8 mrad
upward angle to the incident proton beam relative to the horizontal axis which
directs to the detector. This upward incident angle together with a dipole
stationed immediately behind the production target causes the neutral sec-
ondaries (especially KL), oppositely charge secondary mesons, and remnant
protons to be directly absorbed into the dumps in the SSQT. The remaining
major source of �e=�e is K�e3 decays. The fractional uncertainty on predic-
tions of �e=�e from K�e3 is � 1:5% and is dominated by the uncertainty in K�e3
branching ratio.

2.3 Result of sin2 �W from NuTeV

The extraction of sin2 �W in NuTeV is based on the data sample of 1.3 million
neutrino and 0.3 million antineutrino events passing the following set of cuts;
hadronic energy measured in the calorimeter above 20GeV to ensure full ef-
�ciency of triggers and vertex identi�cation, and the location of the neutrino
interaction must be 1) within the central 2/3 of the calorimeter transverse di-
mension to ensure full acceptance, 2) at least 0.4 m from the upstream end of
the calorimeter to minimize non-neutrino backgrounds, and 3) at least 2.4 m
from the downstream end to ensure suÆcient calorimeter coverage for event
length measurement.

The ratios of NC candidates (short length) to CC candidates (long length),

R�(�)
meas, are 0:4198� 0:008 and 0:4215� 0:0017 for neutrino and antineutrino,

respectively. As it has been discussed in section 2, Rmeas is then related to
detailed MC predictions. The detector MC in NuTeV has various improve-
ments to reduce previous experimental systematic uncertainties further, uti-
lizing muons from the upstream neutrino interactions and the information ob-
tained from extensive in-situ and continuous calibration beam. Figure 1 shows
the comparisons of the event length variables between data and MC for neu-
trino (top) and antineutrino modes(bottom), demonstrating good agreements
in length distributions, especially in the cut value region.

To extract sin2 �W in NuTeV, we form a linear combination of R�
meas and

R�
meas;

R�meas � R�
meas � �R�

meas; (3)

where � is determined using the MC such that R�meas is insensitive to small
changes in the CC cross sections due to charm mass threshold e�ect. For the
measurement, the value of � is found to be 0.5136. This technique is essentially
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Figure 1: Comparisons of \event length" variable between data and MC for neutrino (top)
and antineutrino (bottom) modes. The shaded areas in the inset represent systematic un-
certainties and the arrows indicate the cut value for NC and CC distinctions.

employing the expression in the third term in Eq. 2 instead of the second term
which requires separate background estimate and ux normalizations. This
technique cancels out large number of systematics by taking the ratios sepa-
rately in neutrino and antineutrino modes, at the same time largely canceling
the the uncertainties related to charm quark production from the scattering
o� the sea. The remaining small undertainty due to heavy quark production
comes from the scattering o� the d-valence quark which is Cabbibo suppressed.

Table 1 summarizes various uncertainties in this measurement. The single
dominant uncertainty is the data statistical uncertainty whose magnitude is
about twice as large as the total systematic uncertainty.

2.4 Mon�shell
W from sin2 �W

The preliminary result from the NuTeV sin2 �W measurement in on-shell renor-
malization scheme is :

sin2�
(on�shell)
W = 0:2253� 0:0019(stat)� 0:0010(syst) (4)

�0:00142�
 
M2

top � (175GeV )2

(100GeV )2

!

+0:00048� loge

�
MH

150GeV

�
:

5



Table 1: Summary of uncertainties in NuTeV sin2 �W measurements.

SOURCE OF UNCERTAINTY Æ sin2 �W
Statistics: Data 0.00188

Monte Carlo 0.00028
TOTAL STATISTICS 0.00190

�e=�e 0.00045
Energy Measurement 0.00051

Event Length 0.00036
TOTAL EXP. SYST. 0.00078

Radiative Corrections 0.00051
Strange/Charm Sea 0.00036

Charm Mass 0.00009

u=d, u=d 0.00027
Longitudinal Structure Function 0.00004

Higher Twist 0.00011
TOTAL PHYSICS MODEL 0.00070

TOTAL UNCERTAINTY 0.0022

The small residual dependence of this result on Mtop and MH comes from the
leading terms in the electroweak radiative corrections 9. Since within the on-
shell renormalization scheme, the sin2 �W is related to MW and MZ together

with the standard model prediction of �, sin2 �W � 1 � M2

W

M2

Z

, this result is

equivalent to;

MW = 80:26� 0:10(stat)� 0:05(syst) (5)

+0:073�
 
M2

top � (175GeV )2

(100GeV )2

!

�0:025� loge

�
MH

150GeV

�
:

Figure 2 shows world measurements of the mass of the W boson. This result
is about one standard deviation lower than the world average and is as pre-
cise as the measurements from the Tevatron collider experiments. Thus this
measurement of sin2 �W from the � �N scattering 10 contributes signi�cantly
to the determination of MW and thereby constraining the mass of standard
model Higgs boson, MH .
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Mw (GeV)

UA2

CDF*

D0

NuTeV*

ALEPH*

DELPHI*

L3*

OPAL*

Average

* : Preliminary

80.26 +/- 0.11

80.36 +/- 0.37

80.38 +/- 0.12

80.43 +/- 0.11

80.35 +/- 0.14

80.27 +/- 0.16

80.45 +/- 0.17

80.36 +/- 0.15

80.375 +/- 0.065

Figure 2: Various measurements of MW .

Table 2: Summary of data sample and analyses cuts of the direct MW measurements.

Parameters CDF D�

Decay Channel W ! �+ � W ! e+ �R Ldt 90pb�1 82pb�1

Number of W 21,000 28,000
Number of Z 1,400 2,200

P l
T cut 25 < P �

T < 60GeV Ee
T > 25GeV

E/T Cut 25 < E/T < 60 GeV 25 < E/T
Recoil UT cut UT < 20 UT < 15

Lepton Rapidity cut j��j � 1 j�ej � 1
Lepton Quality cuts � quality e-quality

MiP in Calorimeter Isolation
Cosmic removal Shower shape
Track Match Track match

MW
T cut 50 < MW

T < 110GeV 50 < MW
T < 110GeV
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3 Direct Measurements of MW

Since the e�ective center of mass energy of Tevatron pp collider is higher than
the mass of the W boson, MW , real W 's are produced in the collider experi-
ments at

p
s = 1:8TeV. The D� and CDF experiments at Fermilab use leptonic

decay modes of the W bosons, W ! e+ � and W ! �+ � for D� and CDF,
respectively. The results presented in this paper are based on Tevatron collider
run Ib data combined with the Run Ia from both experiments.

The technique used in the direct measurements of MW in collider experi-
ment relies on both the transverse momentum (El

T ) spectra of charged leptons
resulting from the leptonic decays of the W 's or the transverse mass (MW

T )
distributions computed using El

T and missing momentem (E/T ) which infers

the neutrino momentum: MW
T =

q
2E/T El

T (1� cos�l�). Table2 lists the data

sample and the cuts used for the analyses.
The measured El

T and MW
T distributions of the W candidates are then

compared to the detailed MC simulations which incorporates detector e�ects
and theoretical models. Since El

T andMW
T are sensitive to the detector energy

scale and resolutions, and the underlying events a�ects the recoil system, both
collaborations use Z ! ll events to measure these systematic e�ects. The
theoretical model incorporated in the detailed MC simulation includes vari-
ous available next-to-leading order (NLO) parton distribution functions. The
momentum distributions of the W 's a�ect the El

T and MW
T and is modeled

by a theoretical predictions 11 with higher-twist e�ects to account for non-
perturbative e�ects.

Figure 3 showsMW
T distributions from the D� and CDF experiments using

the electron and muon decay channels, respectively. The lines in the plots are
the best MC �t of MW to the data MW

T distributions. The same type of MC
�ts to El

T distribution are also performed. Combining the MW from both the
�ts in each experiment result in 12;

MW = 80:38� 0:12GeV=c2 (CDF ) (6)

MW = 80:43� 0:11(syst)GeV=c2 (D�): (7)

Taking the weighted average of these two measurements together with UA2 13

results in combined pp result of;

MW = 80:37� 0:08GeV=c2: (8)

Table 3 summarizes various uncertainties in these measurements from Run Ib
data only.
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Figure 3: Transverse mass distributions of W ! e�(��) events from D� and CDF.

Table 3: Summary of uncertainties in direct MW measurements from the D� and CDF
experiments 12.

Source ÆMCDF
W (MeV) ÆMD�

W (MeV)

Statistical 100 70
Momentum & Energy scale 40 65

Calorimeter linearity - 20
Lepton PT resolution 25 20
Recoil Modeling 90 40

Input PW
T and PDF's 50 25

Radiative decays 20 20
Higher Order Corrections 20 -

Backgrounds 25 10
Lepton Angle Calibration - 30

Momentum Fitting 10 -
Other errors 20 20

Total Systematic Uncertainty 115 70

Total Uncertainty 155 120
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Figure 4: The 68% con�dence level contour from various measurements of MW .

4 Constraining Standard Model Higgs Mass

Using the measurements ofMW and the relationship ofMW withMtop andMH

via electroweak radiative corrections, one can constrain the standard model
higgs mass. Figure 4 shows the 68% con�dence level contours from various
measurements. Since the NuTeV does not measure Mtop, the result from the
NuTeV appears as a band in this plot. Combining all hadron collider direct
measurements with NuTeV preliminary result yields the MW

14 of;

MW = 80:345� 0:055GeV=c2: (9)

This mean value of the MW and the current best measurement of Mtop would
constrain the standard model Higg mass to less than � 500GeV.

5 Conclusions

The NuTeV has �nished taking its data in September 1997, accumulating
3 � 1018 protons on target. The NuTeV presented a preliminary result of
sin2 �W measurement which is equivalent to the mass of the W boson; MW =
80:26�0:11 GeV=c2. This result is as precise as the direct measurements from
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the Tevatron collider experiments. Further improvement in this analysis from
the NuTeV experiment is modest because the result is already dominated by
data statistical uncertainty. Model independent interpretation of light quark
couplings will come soon and the results from other analyses are also expected
in the near future.

The two collider experiments are continuing their analyses of Run I data,
to further improve the measurements of MW . The CDF experiment expects
the total uncertainty reduce to� 90 MeV, by combining electron decay channel
from Run Ib together with the muon decay data. The D� experiment expects
the uncertainty of � 100 MeV, by including the forward (j�ej > 1) electron
data.

The direct measurements of MW are expected to improve dramatically
in Tevatron Run II with higher luminosity and upgraded detectors. The ex-
pected uncertainty in MW measurement is on the order of 40-50MeV with the
expected

R Ldt = 2fb�1 for each detector. This improvement is expected not
only due to improved statistics but also due to various improvements in ex-
perimental and theoretical systematic uncertainties, such as better measured
detector resolution, recoil PT due to increased Z ! ll statistics, better mea-
sured �W , better determined parton distribution functions, improved radiative
decays, etc.

Bene�tting from all these improvement, the Tevatron measurements of
MW together with the much more precisely measuredMtop would further con-
strain the standard model Higgs mass, MH . Combining these indirect con-
straints on MH with direct searches would enable the experiments either to
�nd the Higgs bosons or to further constrain MH to narrow down the regions
to be searched in future machines, such as LHC.
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